A novel tree-like nanostructured Ag crystal, with stems, branches, and leaves, has been synthesized by pre-forming Au seeds, soaking, and annealing, based on monolithic mesoporous silica. The obtained Ag nanotrees are of single-crystal nature and statistically symmetrical in geometry. Further experiments revealed that the interconnected channels of the porous silica, heating at low temperature, and the pre-formed Au seeds are crucial to form such structure. Its formation can be attributed to the low nucleation rate and preferentially unidirectional diffusion of Ag atoms to the Au seeds along interconnected channels. This nanostructured material is of great potential to be building blocks for assembling some mini-functional devices of the next generation. The current study is also of importance in studying the diffusion mechanism of single-crystal formation, and especially in improving our understanding of the underlying physical structure of both natural and synthetic porous materials.
I. INTRODUCTION
Metal nanostructures are of great importance in nanotechnology due to their potential applications as building blocks in optoelectronic devices, catalysis, chemical sensors, and other areas. [1] [2] [3] [4] [5] Many synthesis methods have been developed for the production of nanomaterials with controlled sizes and shapes. Recently, the preparation of metal nanowires or nanorods has attracted significant attention because of their novel optical properties. Silver, as the metal with high electrical and thermal conductivity, has many technological applications, and thus many efforts have been made to prepare rod-or wire-like Ag nanostructures. For example, various template (including hard templates and soft templates) assisted electrochemical and chemical deposition have been used to fabricate uniform Ag nanowires thanks to their attractive aspects on the assembling structures. [6] [7] [8] [9] Some groups adopt wetchemical method to prepare Ag nanorods with different aspect ratios through introduction of reducing agent or pre-formed "seeds." [10] [11] [12] [13] Meanwhile, fractal (randomly ramified) and dendritic (symmetrically branched) Ag nanostructures have also attracted more and more attention nonequilibrium growth process. [14] [15] [16] In general, fractal growth is expected when randomness dominates, whereas dendritic growth is caused by the anisotropy. 17, 18 Accordingly, either random or ordered crystalline structures depends on the exact growth conditions. For instance, Xiao et al. 19 prepared Pd and Ag dendritic nanostructures in Raney Ni template with the assistance of ultrasonic waves. Brune and co-workers 20, 21 investigated the crossover from fractal to dendritic Ag patterns on Pt(111) surface through varying the electrochemical deposition rate. However, synthesis of the symmetrically branched or the shapely dendrites is still a challenge.
In the current work, we report a novel tree-like (with stems, branches, and leaves) nanostructured Ag crystal based on monolithic mesoporous silica. The synthesis procedure includes pre-forming Au nanoparticles inside pores of the monolithic mesoporous silica as seeds and subsequently impregnating the Au/SiO 2 composite into Ag precursor solution, followed by step-heat treatment with slow heating rate (1°C/min) in H 2 atmosphere. Such nanostructured material may be of great potential to be building blocks for assembling some minifunctional devices of the next generation. This study is also of importance in improving our understanding of the underlying physical structure of both natural and synthetic porous materials. The details are reported in this communication.
II. EXPERIMENTAL
The plate-like monolithic mesoporous silica (about 1 mm in thickness) was first prepared from the tetraethylorthosilicate, ethanol and deionized water, by the sol-gel technique, drying, and finally annealing at 700°C for 1 h, as previously described. 22 The mesoporous silica prepared in this way, whose pores are interconnected and open to ambient air, had a specific surface area of 500m 2 /g and porosity of 50%, determined by isothermal N 2 adsorption measurement, as described previously. 21 The prepared monolithic silica was sufficiently soaked in 20 mM HAuCl 4 aqueous solution for about 2 weeks, which was long enough to soak the host. 23 Then, the HAuCl 4 -soaked mesoporous silica was taken out and washed using deionized water, followed by annealing at 500°C for 2 h. The Au-doped silica sample was then immersed in 100 mM Ag(NH 3 ) 2 (OH) aqueous solution (for about 15 days). After washing, the Au-Ag + /silica was step-treated in H 2 atmosphere at 100°C, 200°C, and 400°C for about 2 h, respectively, with slowly increasing temperature (1°C/min).
The obtained samples were ground into powders and suspended in isopropanol. After ultrasonic vibration for about 20 min, a drop of suspension was supported on a carbon film-coated copper grid and evaporated in air at room temperature. Microstructure observation was performed on a conventional transmission electron microscope (JEOL JEM-1010), operating at an accelerating voltage of 100 kV, and on a high-resolution transmission electron microscope (JEM 4010) operating at 400 kV. Optical absorption spectrum for the treated sample dispersed in ethanol (the sample was also ground into powders and dispersed in ethanol because it is not transparent) was measured on a Cary 5E UV-Vis-NIR spectrophotometer over the wavelength range from 200 nm to 1000 nm. Figure 1 shows the transmission electron microscopy (TEM) image of Au-pretreated sample after calcinations at 500°C. Au particles are uniformly dispersed in silica and fall into the size range of 11 ± 2nm. For the finally obtained sample, however, there exist large amount of tree-like nanostructured Ag, as typically illustrated in Figs. 2(a) and 2(b) . These tree-like structures are statistically symmetrical in geometry with a lot of sidebranched and flashy leaf-shaped nanostructures, are around 10 nm in diameter of stem, and several hundreds of nanometers in length. The selected-area electron diffraction (SAED) pattern [see inset of Fig. 2(a) ] indicates the single crystalline nature for the Ag nanotrees. The central part is the nanotree/silica composite, because the interconnected channels of the monolithic silica are not completely destroyed in preparing the TEM specimen, which is more clearly shown in Fig. 2(c) , a magnification image of the central part in Fig. 2(a) . Of course, there are some Ag nanotrees completely separated from the silica framework during preparation of the TEM specimen, as illustrated in Fig. 2(d) . Obviously, the tree-like structure directly reveals the pore and channel geometry of the silica host, which is undoubtedly of great importance in improving our understanding of the underlying physical structure of the porous host. High-resolution TEM examination was conducted for stems and branches of the nanotrees, as typically shown in Fig. 3 . It can be seen that the Ag stem is almost defect-free with the axial orientation parallel to 〈111〉, and that different branches in a tree keep the same lattice orientation [see Fig. 3(b) ]. In addition to the integrated tree-like Ag nanostructures, in a few TEM fields, we also found some broken Ag dendrites in high dispersion or in aggregation with a small number of nanowires, as indicated in Figs. 4(a) and 4(b) , respectively. The broken structures are probably induced by preparing TEM specimens (grinding the sample into powders and ultrasonic dispersion).
III. RESULTS
Although it is difficult to identify Au seeds in TEM, optical absorption spectrum clearly confirms their existence in the sample, as illustrated in Fig. 5 . We can see that there is a well known surface plasmon resonance (SPR) of Au nanoparticles centered at about 530 nm, 24 addition to the peak at 420 nm, corresponding to the SPR of the nanostructured Ag. Further experiments reveal that the monolithic mesoporous silica, annealing at low temperature or slow heating rate, and the pre-formed Au seeds all play crucial roles in formation of the tree-like structure. Under the same heat-treatment conditions as above, but without the pre-formed Au seeds in the host, only spherical Ag nanoparticles were found, as shown in Fig. 6(a) . If using powdery mesoporous silica instead of the monolithic and keeping the other treated conditions unchanged, we can only observe Au "seeds" (bigger) and ultrafine Ag particles highly dispersed on silica surface (some Ag particles dispersed on carbon film), as indicated in Fig. 6(b) . Additionally, when the Ag precursor soaked Au/silica was directly heated at a high temperature or fast-heated to a high temperature (ജ400°C), approximately spherical Au and ultrafine Ag (or Au/Ag alloyed) nanoparticles can be found, which is in good agreement with the previous report, as illustrated in Fig. 2 of Ref. 25 [also similar to those shown in Fig. 6(a) ]. Furthermore, it should be mentioned that the SAED patterns for such dispersions of nearly spherical nanoparticles are similar, which show the normal diffraction rings corresponding to face-centered-cubic structure. This means that the dispersed nanoparticles in the samples, corresponding to various heat treatments in this study, are crystallographically the same.
IV. DISCUSSION
Now let us take a brief discussion. It has been reported that the noble metal (such as Au and Ag) cations can be reduced on silica surface 26 or in H 2 atmosphere 27 at a temperature ഛ100°C. In the case of our experiment, Ag − ions can be reduced to Ag 0 atoms or oligomers in the initial heat-treatment stage at 100°C. At low temperature, because both nucleation and growth rate of Ag crystal should be very low, it is difficult for the Ag 0 atoms and oligomers to form crystal nucleus independently on pore wall. In contrast, the reduced Ag atoms or oligomers will preferentially diffuse onto the nearby pre-formed Au seeds, leading to Ag growth along the pore channels. With increase of annealing temperature, more and more Ag atoms would diffuse to the growing Ag crystal due to the atomic concentration gradient. Finally, the tree-like structure (with stems, branches, and leaves) is formed due to the continuous unidirectional diffusion of Ag atoms along the interconnected channels (sponge-like 28 ) of the monolithic mesoporous silica, also due to the confinement of the porous geometry.
When the soaked sample was directly heated at a high temperature, the reduction rate of Ag + ions will be much higher, and the energy barrier of independent nucleation can be overcome much more easily, leading to high nucleation rate. Ag nuclei can thus be formed independently everywhere inside the pore channel and absorb the reduced Ag 0 atoms or oligomers around them, resulting in ultrafine spherical nanoparticles highly dispersed in pores of the silica. Furthermore, without pre-formed Au seeds, the reduction of Ag + ions will occur during initial treatment at low temperature, but independent nucleation rate could be very low due to diminishing atomic activity till a high enough temperature, at which Ag nucleus can form everywhere, leading to the spherical Ag particles with high dispersion. Obviously, when the monolithic silica is ground into powders, most of the pore channels are destroyed. Therefore, only spherical Ag nanoparticles were observed in the silica [see Fig. 6(b) ] due to absence of the channel confinement.
V. CONCLUSION
To summarize, tree-like structured Ag crystal, with stems, branches, and leaves, have been successfully fabricated within monolithic mesoporous silica. It is statistically symmetrical in geometry and of single-crystal nature for a whole tree. It is found that the interconnected C. Kan et al.: Tree-like Ag nanostructures based on monolithic mesoporous silica channels of silica host, annealing at low temperature or slow heating rate, and pre-formed Au seeds are crucial to form such structure. Not a single one of these conditions can be dispensed with. Its formation is attributed to low nucleation rate and preferentially unidirectional diffusion of Ag atoms to the Au seeds along interconnected channels. This novel nanostructured material is of great potential to be building blocks for assembling some mini-functional devices of the next generation. The currentstudy is also of importance in studying diffusion mechanism of single-crystal formation, and especially in improving our understanding of the underlying physical structure of both natural and synthetic porous materials.
